The Goos-Hänchen effect and Fano resonance are studied in photonic crystals that are considered Fourier counterparts in wave-vector-coordinate space. The Goos-Hänchen effect, which is enhanced by the excitation of Bloch surface electromagnetic waves, is visualized using far-field microscopy and measured at the surface of photonic crystals by angular spectroscopy. The maximal Goos-Hänchen shift is observed to be 66 m. DOI: 10.1103/PhysRevLett.108.123901 PACS numbers: 42.70.Qs, 78.67.Pt The spatial displacement of a beam totally reflected from a dielectric surface, which is predicted by Newton's corpuscular theory of optics, was first observed by Goos and Hänchen in 1947 [1]. Since then, the Goos-Hänchen (GH) effect has been extended to many fields of physics, including acoustics [2], quantum mechanics [3] [4] [5] , radiophysics [6] , and nonlinear optics [7] . The effect has been the subject of intensive theoretical [8] [9] [10] and experimental research [11] [12] [13] [14] . Several models have been developed to interpret the appearance of the GH effect, including stationary phase [15, 16] and energy propagation [17] approximations. Artmann [15] proposed the following relation between the Goos-Hänchen shift (GHS) D and the change in the complex reflection coefficient phase:
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where is the wavelength, 'ðÞ is the phase of the reflection coefficient r, and is the angle of incidence at the interface. It has been subsequently shown that for reflectance angular resonances with a small derivative of the phase (for example, in the vicinity of the angle of total internal reflection [18] , near the (pseudo-) Brewster-effect angle [19] , or at the edge of the photonic band gap [20] ), the GHS does not exceed 10 times the incident light wavelength. A narrower resonance in the angular reflectance spectrum is required to increase the GHS value (for example, through the excitation of surface states). Recently, a significant enhancement of the GH effect was achieved by the excitation of plasmons on metal surfaces [21, 22] and Bloch surface electromagnetic waves (SEWs) in photonic crystals [23] . Discrete surface states often lead to the appearance of an asymmetric Fano-shape resonance in the reflectance spectra. Fano resonance is caused by the interaction of a spectrally narrow discrete state with a continuous spectrum. It is found in a wide range of phenomena, such as autoionization in atoms [24] , quantum dot conductivity [25] , and the transmittance of electron-phonon systems [26] and semiconductor superlattices [27] . The first model describing the asymmetric spectrum was used to interpret the autoionization spectra of He atoms [24] . As a result, the factor F, which describes the Fano-shaped resonance in a spectrum of energy E, was expressed in the following form:
where q is the Fano constant, E res is the energy of the resonance, and À is the resonance spectral width. Fano resonance is now widely studied in various optical systems, including metamaterials [28] , plasmon-active nanostructures with extraordinary optical transmission [29] , photonic crystals [30] , and microcavities [31, 32] . Both the Fano resonance and the Goos-Hänchen effects can be observed simultaneously through the excitation of optical surface states because they are both caused by changes in the phase of the complex reflection coefficient. The phase change leads to beam interference causing Fano resonance in the reflectance spectra and the simultaneous lateral shift of the reflected beam resulting in the GH effect. The Fano resonance and the GH effect are indirectly related, as they are measures of the SEW mean free path and the energy transfer resulting from the SEW, respectively.
In this Letter, Fano resonance and the Goos-Hänchen effect caused by Bloch surface waves excited in photonic crystals are studied. They are treated as manifestations of the same phenomenon in the Fourier-conjugated wave vector and coordinate domains. Using the same set of adjustable parameters, both effects are described in terms of the change in the reflection coefficient phase.
Fano resonance behavior and the enhancement of the GH effect are studied in the case of SEWs at onedimensional (1D) photonic crystal surfaces [33] . An extremely narrow SEW angular resonance leads to appreciable GHS enhancement [23] , making SEWs a convenient tool for the study of the GH effect. Multilayer structures consisting of 9, 11, 13, and 15 ZrO 2 =SiO 2 bilayers with refractive indices of 1.9 and 1.46 were chosen as 1D photonic crystal samples (i.e., distributed Bragg reflectors). The bilayers were deposited on cover glasses with a refractive index of 1.51. The period of the photonic crystals in the series was fixed to 250 AE 10 nm, which was determined by scanning electron microscopy of the sample edge as shown in Fig. 1(a) . An attenuated total internal reflection prism configuration, shown in Fig. 1(b) , was used to couple the incident s-polarized light to the SEW at the photonic crystal-air interface because p-polarized light did not excite the SEW in the studied samples. Contact between the sample (S) and the hemicylinder (H) was made with a layer of index-matching liquid (an aqueous solution of glycerol). A cw single-mode laser (L) operating at ¼ 532 nm, with power less than 10 mW and an angular divergence of 2.5 mrad, was used as a light source. The hemicylinder was placed on a rotation stage for the fine control of the angle of incidence . The reflected light intensity was detected by a photodiode (PD). Note that visualization of the evanescent surface waves at the smooth surface in the far field is impossible. However, the rescattering of SEWs across surface microroughness enables their observation in the far field, which is a technique used to visualize surface plasmons [34] . The same approach was applied in this study for the visualization of SEWs in the far field by optical microscopy [35] . An objective lens (O) with a numerical aperture of 0:28 was focused at the surface of the photonic crystal (S) to collect the SEW scattered radiation. The image was then detected by a CCD camera. A typical plot of reflectance R as a function of the incident angle is shown in Fig. 1(c) . At a specific incident angle above the critical angle, the evanescent field penetrates through the multilayer and excites the SEW at the photonic crystal-air interface. This leads to a narrow reflectance dip. Figure 1(d) shows a typical microimage of the SEW excited at the surface of the photonic crystal. The SEW is spatially distributed in a cometlike pattern stretched along the propagation direction, with the intensity profile shown in Fig. 1(e) . The SEW mean free path is estimated as 115 m. Direct GHS visualization was performed using a new approach based on the local fluorescence detection shown in Fig. 1 . Contact between the photonic crystal substrate (S) and the BK7 right-angle prism (P) was made using an index-matching liquid (I), which was an ethanol solution of Rhodamine 6 G (10 À5 M) mixed with an aqueous solution of glycerol in a 1:100 ratio. The incident and reflected beams passing through the index-matching liquid were visualized by detection of spots of dye fluorescence, ''inc'' and ''ref, '' respectively. An orange filter (F) was placed behind the objective lens (O) in front of the CCD camera8 as a pump radiation cutoff. The deviation in distance between inc and ref caused by different thicknesses of photonic crystal samples is approximately 2% and lies within measuring inaccuracy. The GHS value was determined by comparing the position of ref spots for p-(without SEW) and s-polarized (with SEW) beams.
A typical angular reflectance spectrum of a photonic crystal in the Kretschmann configuration, which is modeled for a fixed wavelength using the transfer matrix technique [36, 37] , is shown in Fig. 2(a) . The narrow dip at SEW ' 51 corresponds to the SEW resonance, while the wide dip at lower angles is caused by the excitation of the guided mode inside the photonic crystal [33] . The experimental angular reflectance spectra of the photonic crystals are shown in Figs. 2(b)-2(e) . The spectral features in the vicinity of SEW ' 51 are related to the SEW resonance at the 1D photonic crystal surface. SEW sensitivity to the structure of the photonic crystal, especially to the thickness of the surface layer, leads to a slight difference in SEW from one sample to another. The asymmetric line shape is associated with Fano-type resonance that is caused by the partial transfer of incident light energy to the SEW due to the extremal narrowness of the SEW resonance. The incident-beam angular divergence is larger than the angular width of the resonance, leading the beam to split into two components: the component resonantly transferred to the SEW and partly reemitted back into the prism, on the one hand, and the component totally reflected from the surface of the photonic crystal, on the other. Interference of these two components results in Fano resonance in the reflectance spectrum. The experimental spectra are fitted by Fano resonance in the form Eq. (2) with ¼ ðk À k res Þ=À, where k ¼ 2n sin= is the tangential component of the wave vector of the incident light, k res is the SEW wave-vector module, and n is the refractive index of the photonic crystal top layer. The SEW mean free path L is obtained based on a resonance width À as L ¼ 2=À. The value of L increases with an increase in the photonic crystal thickness; it is equal to 24, 65, 90, and 130 m for samples with 9, 11, 13, and 15 bilayers, respectively. These data, which were extracted from the reflectance spectra, are also supported by the SEW microscopic images, which is shown for the 15-bilayer photonic crystal in Figs. 1(d) and 1(e).
The Fano profile given by Eq. (2) cannot provide the relative phase ' of the complex reflection coefficient r. Therefore, GHS, which is governed by the phase derivative in Eq. (1), cannot be extracted directly from the angular reflectance spectra. However, fitting the experimental dependences with the square of the reflection coefficient module calculated by the transfer matrix method allows one to obtain the angular dependences of the complex reflection coefficient, from which the phase of the reflection coefficient can be extracted.
Let us denote the complex amplitude of the electromagnetic field component resonantly transferred into the SEW by E res r , while the complex amplitude of the component totally reflected from the photonic crystal surface is denoted by E unres r . These amplitudes are added together and weighted by the coefficient a. The a parameter is similar to the Fano parameter q in Eq. (2), as it is a part of the light energy transferred into the resonant state. Reflectance R is given as follows:
where E i is the amplitude of the incident electromagnetic field. In terms of fit, the Eq. (3) Figure 2(f) shows the typical dependence 'ðÞ, which is calculated from the fit of the experimental angular spectra RðÞ. The dependence exhibits a step at ' 51 that corresponds to a SEW-induced phase drop determined by the depth and narrowness of the reflectance resonance. Thus the significant GHS enhancement is expected to be observed in the vicinity of the SEW resonance. The GHS estimation by using Eq. (1) gives the realistic values if the incident-beam spatial spectrum is narrow enough. In the general case the position of reflected field E r ðxÞ can be found as follows:
where " E i ðk x Þ is the Fourier spectrum of the incident beam (e.g., see [28] ). See the Supplemental Material [38] for detailed calculations.
A direct visualization of the GH effect at the surfaces of the photonic crystals is presented in Fig. 3 . The microimages obtained from a microscope focused on the photonic crystal surface is shown in Figs. 3(a) and 3(b) . The bright spot, sur, in the center of Fig. 3(b) is related to the total internal reflection of p-polarized beam at the surface of the sample. The cometlike shape spot sur in Fig. 3(a) is associated to SEW scattering. Two orange spots, inc and ref, respectively, correspond to the fluorescent spots induced by the incident and the reflected beams passing through the Rhodamine-doped immersion liquid. The position of the reflected spot is shifted for the incident s-polarized light undergoing the GHS due to SEW excitation at the surface of photonic crystal. The GHS was observed by focusing the objective lens in the indexmatching layer and cutoff the green laser radiation. Fig. 3(c) .
The reflected spot consists of two parts. One part of the beam is spatially fixed and relates to the nonresonant part of the incident light totally reflected from the photonic crystal surface. The shifting part of the beam corresponds The GHS increases with an increase of the photonic crystal thickness. The largest GHS is equal to 66 m and is observed in the photonic crystal with 15 bilayers, which is in agreement with the data obtained from the fits to the angular reflectance spectra within the experimental error bars.
In conclusion, the simultaneous analysis of the GoosHänchen effect and Fano resonances in 1D photonic crystals, which was performed by angular spectroscopy and far-field microscopy, reveals their dependence on the photonic crystal thickness. The Goos-Hänchen effect is directly visualized at the surface of the photonic crystals using far-field microscopy; it is also extracted from an approximation of the reflectance angular spectra with Fano-profile resonances. The maximal value of the observed Goos-Hänchen shift is 66 m (125), which is at least 1 order of magnitude larger than the value at the dielectric surface. Such a large GHS and the proposed method of GHS analysis can improve the functionality of sensors composed of photonic crystals and may have an impact on the further development of sensor technology.
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